Yersinia enterocolitica strains of serotypes lethal to mice have been reported previously to produce an endogenous siderophore. In this study, an ethyl acetate-extractable siderophore was characterized and given the name yersiniophore. Yersiniophore was produced by 16 of 16 human isolates of serotypes 0:4, 0:4,32, 0:8, 0:21, and one nonhuman isolate of serotype 0:21. It was not produced by isolates of serotype 0:3, 0:5, or 0:9. One strain of Yersinia pseudotuberculosis produced yersiniophore, but strains of Yersinia kristensenii, Yersinia frederiksenii, and Yersinia intermedia did not produce or utilize yersiniophore. Food and water isolates of Y. enterocolitica produced a water-soluble siderophore but not yersiniophore. Sixty-two strains of Y. enterocolitica including 42 isolates from human infections, 2 animal isolates, and 18 water and food isolates were examined for utilization of yersiniophore, the water-soluble siderophore, and ferrioxamine. Yersiniophore promoted growth rate, iron binding, and uptake in 17 of 62 strains, all of which produced yersiniophore. Ten of 17 food and water isolates and one human isolate were capable of utilizing the water-soluble siderophore. Utilization studies suggest that at least one additional water-soluble siderophore may be produced. Ferrioxamine promoted the growth of 60 of 62 strains examined; however, only the 17 strains which produced yersiniophore actively accumulated [59FeJferrioxamine. Yersiniophore production and utilization may be important in clinical infections since all human strains belonging to serotype 0:8 produced yersinophore. The water-soluble siderophore was not detected in human isolates.
Yersinia enterocolitica is an invasive bacterial pathogen recognized as an important cause of enteritis in small children. Septicemia has also been reported (5, 16) ; however, this complication is rare and is generally associated with an underlying disorder. In a review of 100 cases of Y enterocolitica septicemia, Larigakis et al. (16) reported that 30% of septicemic patients suffered from disorders of iron metabolism such as siderosis, thalassemia, and hemochromatosis, while 80% had underlying disorders such as cirrhosis, diabetes mellitus, and renal failure.
Y enterocolitica strains are classified into more than 50 serotypes on the basis of 0 antigenic factors (4) . The most common serotype worldwide is 0:3 of biogroup 4. Serotypes 0:9 and 0:5,27 of biogroup 2 are frequently isolated in Europe, Japan, southern Africa, and China, whereas serotype 0:8 is the predominant type in the United States. Serotypes 0:8, 0:4, 0:13, 0:20, and 0:40 have been reported to be lethal to mice (14, 24) .
To establish an infection, pathogenic bacteria must compete with the host to acquire iron essential for their growth (28) . Most bacteria acquire iron from the host by secreting high-affinity iron-binding factors known as siderophores (20) . Siderophore production has been reported for some Yersinia species. In 1975, Wake et al. reported indirect evidence of siderophore production in Yersinia pestis by demonstrating that certain strains which grew on deferrated brain heart infusion agar could promote the growth of other Y pestis strains on this medium (27) . However, Perry and Brubaker (21) were unable to detect siderophore production in Y pestis by using the standard chemical assays. Y pestis was also unable to complement an enterochelin-deficient mutant of S. typhimurium LT2 enb-7, which is capable of utilizing numerous exogenous siderophores (21) . Heesemann reported siderophore production in Y enterocolitica detectable with the Chrome Azurol S (CAS) assay (13) . Siderophore production was detected in strains of serotypes 0:8, 0:13, 0:20, and 0:40 but not in serotypes which are less virulent in the septic mouse model (13) . The siderophore produced by these serotypes was not characterized further.
Environmental isolates of Yersinia frederiksenii, Yersinia intennedia, and Yersinia kristensenii have been reported to produce the siderophore aerobactin (26) .
Patients with iron overload are susceptible to infection because of the increased concentration of iron in the blood (28) . Treatment with a therapeutic chelator can remove excess iron (17) and render it unavailable to most potential pathogens. Desferrioxamine B is a trihydroxymate siderophore produced by Actinomyces species (20) . The methane sulfonate salt of this compound is licensed and commercially available as Desferal, which is used therapeutically as an iron chelator for patients with iron overload (17) . Y enterocolitica septicemia has been reported in patients treated with Desferal (5) . Y enterocolitica has been shown to utilize ferrioxamine to acquire iron in vitro (7) and in vivo (23) .
The utilization of siderophores requires the presence of iron-regulated membrane receptor proteins (19) . Recently, the gene for the ferrioxamine B receptor (foxA4) was cloned and sequenced from Y enterocolitica (2). Carniel et al. have described several iron-regulated membrane proteins including two high-molecular-mass proteins (HMWP) of 190 and 240 kDa (9) . The two HMWP were expressed by virulent serotypes of Y pestis, Yersinia pseudotuberculosis, and Y enterocolitica serotypes, which are lethal in mice (10), but not by serotypes 0:3 and 0:9, which are not virulent in mice in the absence of desferrioxamine.
In this study, we have characterized and compared siderophore production and utilization in 62 clinical and environmental isolates of Y enterocolitica. We have identified two different siderophores produced by Y enterocolitica isolates and have characterized ferrioxamine utilization in these strains. These studies indicate that there are at least three common mechanisms of iron acquisition in Y enterocolitica.
MATERIALS AND METHODS
Strains. Sixty-two Y enterocolitica isolates from food, water, and patients with yersiniosis were generously provided by C. H. Pai, Department of Clinical Pathology, Asian Medical Centre, Seoul, Korea. The majority of these strains were obtained from S. Toma, The National Reference Centre for Yersinia, Laboratory Services Branch, Toronto, Ontario, Canada. These strains have been examined previously for heat-stable enterotoxin production and the ability to penetrate HeLa cells and evoke keratoconjunctivitis in guinea pigs (Sereny test) (18 Culture conditions. Cultures were maintained on L agar (Difco Laboratories, Detroit, Mich.). For the production of siderophore and iron-regulated proteins, cultures were grown in Yersinia minimal medium (YMM) as described by Camiel et al. (9) but with the addition of 0.4 mM MgSO4. Cultures were made iron rich with 150 ,uM FeCl3 and iron poor with 50 FM 2,2'-dipyridyl (Sigma Chemical Co.). Cultures were grown initially in peptone broth (Bacto Peptone; Difco) for 24 h at 28°C and washed once in 0.5 volume of sterile water (4°C). These cultures were used to inoculate YMM to anA 6. of 0.1, and the medium was incubated for 36 to 48 h at 28°C. Growth promotion was examined on agarose-solidified minimal medium supplemented with ferric siderophore. YMM agarose plates were prepared with 200 FM 2,2'-dipyridyl. Plates were supplemented with 100 nmol of ferric siderophore spread on the surface. Ten-microliter aliquots of a 0-4 dilution of the peptone broth cultures were applied to plates supplemented with ferric siderophore and incubated for 48 h at 28°C. Plates without siderophores served as negative controls. All glassware was acid washed, and all reagents were prepared with water purified by the Milli-Q System (Millipore Corp., Bedford, Mass.). Cultures were screened for the virulence plasmid by using an alkaline lysis procedure (3) .
Detection of siderophores. The CAS assay (25) with the following modifications was used to detect siderophore production. YMM was substituted for the minimal salts. Ten milliliters of 20% Casamino Acids and 10 ml of 10% fructose were added per liter of agar after autoclaving. The dye complex of CAS (Sigma) and hexadecyl-trimethylammonium bromide (Fisher Scientific) was prepared as described originally. CAS assay solution (25) was used to detect siderophores by mixing 0.5 ml of culture supernatant fluid with 0.5 ml of CAS solution. The reaction was allowed to reach equilibrium for 6 to 18 h before theA630 was measured.
Sixty-two strains were screened for yersiniophore production by thin-layer chromatography. Ethyl acetate or dichloromethane extracts (20 ml) MeOH. This solution was filtered with a Nalgene 0.22-pumpore-size filter (Baxter Diagnostics Corp., Canlab Div.) and applied to an octyl-Sepharose CL-4B (Pharmacia) column (22 by 1.6 cm) equilibrated with 5% MeOH-0.1 M ammonium sulfate. Yersiniophore was eluted with a step gradient of water and 5, 25, and 85% MeOH. Fractions with CAS activity eluted with 25% MeOH. These fractions were pooled and stored at -20°C.
The WS siderophore was isolated by using a modification of the procedure described for aerobactin (11) . Filtered culture supernatant fluid was applied to a Dowex-1 (H+ form) column (30 by 1 cm). The column was washed with water, and the siderophore was eluted with a step gradient of 0, 0.1, 0.2, 0.4, and 0.6 M NH4C1. CAS-positive material eluted at 0.4 M NH4Cl. Fractions containing activity were pooled, lyophilized, resuspended in 100 mM potassium phosphate buffer (pH 7.5), and applied to a Sephadex G-100 column (33 by 1.6 cm) in the same buffer. Fractions with CAS activity were pooled and lyophilized.
Chemical assays. The assays used to detect catechols were those described by Arnow (1) and Rioux et al. (22) . Hydroxamic acid was determined by the methods originally described by Emery and Neilands and Csaky but as modified by Gillam et al. (12) . The concentration of iron-binding compound was estimated by the method of Schwynn and Neilands (25) . The CAS assay is based on the ability of a siderophore to remove iron from a dye complex. The theoretical concentration of the iron-dye complex is 15 p.M when 100% of the iron is complexed. A 50% decrease in A630 was observed at siderophore concentrations of 8 to 11 p.M (25) , which corresponds well with the theoretical half concentration of 7.5 p.M.
Femc siderophore preparation. The iron-binding activity of yersiniophore, WS siderophore, and desferrioxamine was standardized by using 0.5 ml of CAS assay solution with various concentrations of siderophore in a final volume of 1 ml. A standard curve for each of the three siderophores was made, and at an A/Aref (A630 siderophore/A630 blank) of 0.5, the concentration of iron-binding compound was estimated to be 7.5 p.M. The buffer containing the purified siderophore was used as a blank. The absorbance due to the siderophore VOL. 32, 1994 on October 28, 2017 by guest http://jcm.asm.org/ Downloaded from 34 CHAMBERS AND SOKOL itself was negligible. By using this estimate, all ferric siderophore solutions were made 20% saturated. It was assumed that the concentration of free iron under these conditions would be insignificant.
Iron uptake assays. Cultures were grown in iron-poor YMM to a density of 108 CFU/ml. The cells were harvested, washed once with sterile water, and resuspended in 10 ml of medium to a final A6. of 0.2. Cell suspensions were incubated for 5 min at 28°C with shaking prior to the addition of iron. Ferric siderophore solutions were prepared with 59FeC13 and allowed to equilibrate at room temperature for several hours. The assay was initiated by the addition of 600 pmol of 59Fe-siderophore per 10-ml culture. Samples (1 ml) were removed at 0, 2, 5, and 10 min, filtered through 0.2-,um-pore-size cellulose acetate filters (Sartorius GmbH, Goettingen, Germany), and washed with 5 ml of Tris-saline (10 mM Tris [pH 7.5], 0.9% NaCl). The amount of 59Fe accumulated on the filters was measured in an LKB Compugamma counter. The experiments were repeated three times with comparable results.
Solid-phase binding assays. A solid-phase dot assay was used to examine binding of ferric siderophores to whole cells. Bacteria were grown in iron-rich and iron-poor conditions for 48 to 72 h at 28°C. Cells were pelleted and resuspended in 50 mM Tris (pH 7.5). Protein concentrations were determined by the method of Bradford (6) with a commercially prepared protein assay (Bio-Rad Laboratories, Richmond, Calif.). Whole cells were filtered onto a nitrocellulose membrane (Bio-Rad) in quantities equivalent to 1 ,ug of protein. The membrane was blocked for 2 h at 37°C with 5% bovine serum albumin BSA (Sigma) and reacted with 50 pmol of 59Fe-siderophore per ml of 10 mM Tris (pH 7.5) for 1 h at room temperature. After being washed three times with Tris-saline, the membranes were exposed to X-ray film (X-Omat; Kodak, Rochester, N.Y.). Experiments were performed in triplicate.
Analysis of membrane proteins. Total membranes were isolated by the method of Carniel et al. (9) . Briefly, strains were grown overnight in peptone broth at 28°C, washed once in sterile water, and resuspended in either iron-rich or iron-poor YMM to anA6. of <0.1. Cultures were harvested 36 to 48 h later and resuspended in 15 ml of 5 mM MgCl2-25 mM K2HPO4-1 mM phenylmethylsulfonyl fluoride (Sigma). Cells were disrupted by sonication, and cell debris was removed by centrifugation at 3,000 x g for 10 min. Membranes were pelleted at 30,000 x g for 30 min and resuspended in 500 p,l of TE buffer (10 mM Tris, 1 mM EDTA [pH 7.5] ). Samples containing 10 p.g of protein were dissolved in a mixture of 0.5 M Tris hydrochloride (pH 6.8), 1% 2-mercaptoethanol, 2% sodium dodecyl sulfate (SDS), and 10% (vol/vol) glycerol, immediately boiled for 5 to 10 min, and electrophoresed on SDS-7.5% polyacrylamide gels as described by Laemmli (15) .
RESULTS
Detection of endogenous siderophores. Sixty-two Y enterocolitica strains were screened for siderophore production on CAS agar. Narrow halos were observed surrounding colonies of serotype 0:8 strains but not around strains of other serotypes. Culture supernatant fluids from serotype 0:8 strain UC310 with high CAS activity were extracted with ethyl acetate or dichloromethane. The organic and aqueous fractions were assayed for CAS activity. Most of the CAS activity was recovered in the ethyl acetate or dichloromethane fraction. CAS activity in the ethyl acetate fraction of cultures grown at 28°C was approximately five times greater than that of extracts from cultures grown at 37°C. The ethyl acetate extracts were analyzed by chromatography on thin-layer Silica Gel G (Analtech) by using chloroform-ethanol-acetic acid-ether (90:5:2.5:2.5) as the solvent. A fluorescent yellow-green band (Rf = 0.26) contained the CAS activity. This band was not present when cultures were grown in iron-rich medium, indicating that production of the compound is iron regulated. This siderophore was given the trivial name yersiniophore.
Forty-two isolates from human infections and 20 nonhuman isolates were screened for production of yersiniophore by thin-layer chromatography of ethyl acetate extracts of culture supernatants. The human isolates included stool isolates from children with gastroenteritis and isolates from blood, wound, appendix, abscess, and throat. The nonhuman isolates were predominantly from water, although raw milk and salad isolates were examined. One isolate was from monkey feces, and one was from swine. As shown in Table  1 , 16 of 42 human isolates produced yersiniophore, including all human isolates of serotypes 0:4, 0:4,32, 0:8, and 0:21. Only one nonhuman strain, serotype 0:21, produced yersiniophore. Of the other Yersinia species screened for yersiniophore production, only the Y pseudotuberculosis (YPTO01) isolate from a chinchilla produced yersiniophore.
Analysis of 30 Y enterocolitica strains by CAS assay revealed the production of a WS siderophore in 10 of 17 food and water isolates and one human isolate. Strains which produced a WS siderophore had substantially greater (by at least a factor of 7) CAS activity in their culture supernatant fluids than those strains which produced yersiniophore. The WS siderophore from strain YE1111 (serotype 0:21), a raw milk isolate, was partially purified by ion-exchange chromatography.
Twenty-six strains were analyzed for the presence of the 40-to 50-kDa pVY virulence plasmid (8) . It was detected in only six of the isolates examined. There was no correlation between the presence of the plasmid and production of either yersiniophore or a WS-siderophore (data not shown). The Y enterocolitica strains used in this study were previously analyzed for enterotoxin production and HeLa cell invasiveness by the Sereny test (18) . All serotypes produced the enterotoxin. HeLa cell-invasive strains belonged to serotypes 0:3, 0:8, and 0:9. Sereny test-positive strains were found only in serotype 0:8 (18) of ferrioxamine (data not shown). The ability of these three siderophores to promote 5growth correlated 100% with the ability of strains to bind 5'Fe-siderophore (Table 1) .
Siderophore-mediated iron uptake. To determine whether there was a correlation between siderophore binding to whole cells and uptake of ferric siderophore, representative isolates were examined for their ability to accumulate iron complexed to the three siderophores (Table 2) . Eleven Table 2. isolates of Y enterocolitica and five strains of the other Yersinia species were examined for yersiniophore-and ferrioxamine-mediated iron uptake. Representative Y enterocolitica isolates are shown in Fig. 2 , and the Yersinia species are shown in Fig. 3 . Accumulation of 59Fe-yersiniophore was seen only in those Y enterocolitica strains which produce the yersiniophore (Fig. 2 and Table 2 ). The strain of Y pseudotuberculosis (YPT01) previously shown to produce yersiniophore also demonstrated yersiniophore-mediated iron uptake (data not shown); however, Y. pseudotuberculosis ATCC 29833 was unable to utilize yersiniophore (Fig.  3) . YE1111 WS siderophore-mediated uptake was examined in Y enterocolitica UC310, YE111, and YE1171 and five strains of other Yersinia species (Fig. 2 and 3 and Table 2 ). Y enterocolitica YE1171 and YE1111, Y intermedia, and both strains of Y pseudotuberculosis (Table 2) were able to take up iron with this siderophore. The iron accumulation assay results for both endogenous siderophores correlate with the growth promotion and binding assays in the strains examined.
The exogenous siderophore ferrioxamine showed a striking discrepancy between active uptake and growth promotion. Two phenotypes for ferrioxamine utilization were seen. One phenotype actively bound and accumulated [59FeJferri-oxamine and used it to promote growth. A second phenotype did not accumulate ferrioxamine after 30 min, although ferrioxamine binding and growth promotion were demonstrated. Ferrioxamine uptake was not induced when strains of the second phenotype were grown in the presence of partially iron-saturated desferrioxamine (data not shown). It should be noted that although both phenotypes demonstrated growth promotion in the presence of ferrioxamine, the appearance of colonies of clinical isolates of the latter phenotype lagged by 1 or 2 days. All clinical strains examined which belong to serotypes that produce yersiniophore also accumulated ferrioxamine as demonstrated by UC310 in Fig. 2 . Yersiniophore-negative serotypes or strains which produced a WS siderophore did not accumulate ferrioxamine as demonstrated by YE619 and YE1111.
Correlation of siderophore production with expression of iron-regulated membrane proteins. Total membrane preparations of 62 clinical, food, and water isolates of Y enterocolitica were examined for the expression of the 190-and 240-kDa HMWP (9) on SDS-7.5% polyacrylamide gels. The two HMWP were detectable in all human isolates of serotypes 0:8, 0:4, 0:21, and 0:4,32 and one nonhuman 0:21 isolate which was shown to produce yersiniophore. Thirtyfour isolates were further examined for iron-regulated proteins. An additional three iron-regulated proteins of 80, 71, and 67 kDa were coexpressed with the HMWP (Fig. 4, lanes  10 and 14) . There was 100% correlation between this pattern of iron-regulated proteins (240, 190, 80, 71 , and 67 kDa) and the production of yersiniophore in Y. enterocolitica. One Y. pseudotuberculosis isolate (YPT01) which produces yersiniophore also expressed the iron-regulated HMWP (data not shown). Non-yersiniophore-producing human isolates expressed iron-regulated proteins of 80 and 71 kDa but did not express the 67 kDa protein (Fig. 4, lanes 1, 3, and 5 ). Total membranes of food and water isolates which produce a WS siderophore were more heterogeneous, although there were typically three iron-regulated proteins in the 65-to 80-kDa range (Fig. 4, lane 8) . Isolates which did not fall into the above categories had slight differences in iron-regulated protein patterns. These strains often expressed one or two iron-regulated proteins with sizes similar to those already described; however, no consistent pattern emerged. (13) . In the present study, two distinct endogenous siderophores were detected and partially purified. Although the structure remains to be determined, evidence suggests that yersiniophore is a siderophore. It binds iron and reacts in the CAS assay. Yersiniophore is iron regulated and stimulates growth of cells under conditions of low iron. It does not stimulate the growth of a Salmonella enb mutant, suggesting that it requires a receptor not present in Salmonella spp. Further studies are in progress to elucidate the structure of yersiniophore. Yersiniophore was produced predominantly by isolates from human infections, whereas WS siderophore(s) was produced by nonhuman isolates. Yersiniophore, which is extractable with dichloromethane, was negative for the Arnow (1), Rioux et al. (22) , and periodate and Csaky (12) assays, suggesting that it may have a unique structure. The YE1111 WS siderophore was also negative for the chemical assays described above. This siderophore was not soluble in dichloromethane and therefore was easily differentiated from yersiniophore. Since YE1111 WS siderophore was negative in the hydroxamate and Csaky assays, it cannot be aerobactin, which is produced by some strains of Y frederiksenii, Y internedia, and Y kristensenii (26) . Two strains which produce a WS siderophore could not use the WS siderophore from YE1111, suggesting that these strains produced a different WS siderophore than YE1111. It is possible the WS siderophore produced by these strains is aerobactin, although Stuart et al. (26) were unable to detect hydroxymate production in any of 50 Y enterocolitica strains examined. The siderophore from these two strains was not purified or further characterized.
DISCUSSION
Yersiniophore appears to be more clinically significant than the WS siderophore. Production was found in all human isolates of serotypes 0:4, 0:4,32, 0:8, and 0:21 (Table 1) . No other serotypes were found to produce yersiniophore, although not all serotypes were available for testing. Production and utilization of the WS siderophore was associated with nonhuman isolates. Interestingly, Y enterocolitica strains produced and utilized either yersiniophore or the WS siderophore but not both. One strain of Y pseudotuberculosis was the only strain examined which was capable of using both of these siderophores. Many gram-negative bacteria possess receptors for siderophores which they do not produce. Y enterocolitica appears to be unique, however, since only strains which produce the siderophores characterized in this study appear to have receptors for them.
Ferrioxamine promoted the growth of many strains which did not appear to have an active ferrioxamine uptake system. These strains may have an alternative mechanism of acquiring iron from ferrioxamine. The assimilation of desferrioxamine-bound iron was reported previously in a strain of Y enterocolitica of unknown serotype by using a 2-h assay (7) . In this assay, 5.0 x 109 bacteria were incubated with 1. (13) , suggesting that this mechanism of iron acquisition may be required for optimal iron acquisition from mice.
It appears that several mechanisms may be involved in acquiring iron from human hosts, including yersiniophore and ferrioxamine. WS siderophores were detected in only one human isolate examined, suggesting that these siderophores may not be effective in acquiring iron from mammalian hosts.
